The demonstration of continuous-wave lasing from organic semiconductor films is highly desirable for practical applications in the areas of spectroscopy, data communication, and sensing, but it still remains a challenging objective. We report low-threshold surface-emitting organic distributed feedback lasers operating in the quasicontinuous-wave regime at 80 MHz as well as under long-pulse photoexcitation of 30 ms. This outstanding performance was achieved using an organic semiconductor thin film with high optical gain, high photoluminescence quantum yield, and no triplet absorption losses at the lasing wavelength combined with a mixed-order distributed feedback grating to achieve a low lasing threshold. A simple encapsulation technique greatly reduced the laser-induced thermal degradation and suppressed the ablation of the gain medium otherwise taking place under intense continuous-wave photoexcitation. Overall, this study provides evidence that the development of a continuous-wave organic semiconductor laser technology is possible via the engineering of the gain medium and the device architecture.
INTRODUCTION
Organic semiconducting materials are generally considered to be well suited for applications in photonics because of their ability to emit, modulate, and detect light (1) . In particular, considerable research efforts have been undertaken during the last two decades to use them in optically pumped solid-state laser sources because of their outstanding features in terms of low-cost fabrication, easy processability, chemical versatility, mechanical flexibility, and wavelength tunability across the whole visible range (2) (3) (4) (5) (6) . Since the first demonstration of an optically pumped organic semiconductor laser (OSL) (2) , their performance has markedly improved because of significant progress in both high-gain organic semiconducting materials and device design (7) (8) (9) (10) (11) (12) (13) (14) (15) . Owing to recent advances in low-threshold distributed feedback (DFB) OSLs, direct optical pumping by electrically driven, nanosecondpulsed, inorganic, light-emitting diodes was demonstrated, providing a route toward a new compact and low-cost visible laser technology (12, 13) . Applications based on these OSLs are currently emerging, which include the development of spectroscopic tools, data communication devices, medical diagnostics, and chemical sensors (16) (17) (18) (19) (20) . Nevertheless, OSLs are still optically pumped by pulsed photoexcitation (with a pulse width typically varying from 100 fs to 10 ns) and driven at repetition rates (f) ranging from 10 Hz to 10 kHz. In this context, further breakthroughs are still required to demonstrate optically pumped OSLs operating in the continuous-wave (CW) regime and ultimately to realize an electrically pumped organic laser diode (21, 22) .
The operation of OSLs in the CW regime has proven to be challenging (23, 24) . Thermal degradation of the organic gain medium under intense long-pulse optical pumping represents a severe issue for long-term laser operation (25) . The other important problem that needs to be overcome is related to the losses caused by the generation of long-lived triplet excitons via intersystem crossing (26) (27) (28) (29) . When organic films are optically pumped in the long-pulse regime, the accumulation of triplet excitons generally occurs, resulting in an increased absorption at the lasing wavelength due to triplet absorption (TA) and a quenching of singlet excitons due to singlet-triplet exciton annihilation (STA). To overcome these obstacles, the incorporation of triplet quenchers, such as oxygen (30, 31) , cyclooctatetraene (32) , and an anthracene derivative (33) , in organic films has been proposed. Another way to considerably reduce the triplet losses is based on the use of emitters showing a high photoluminescence quantum yield (PLQY) and no spectral overlap between the absorption band of the triplet excited states and the emission band of the singlet excited states (34) (35) (36) . Both methods to suppress triplet losses in OSLs have been successfully used to improve device performance in the quasi-CW (qCW) regime (31, 35) . In parallel, a CW lasing duration of nearly 100 ms could be achieved in an OSL containing an anthracene derivative as triplet quencher (33) . Herein, we propose an improved DFB OSL architecture that enables qCW lasing (at the very high repetition rate of 80 MHz) and long-pulse surface-emitting lasing with outstanding and unprecedented performance. These results represent a major advance in the field of organic photonics and open new prospects toward the development of a reliable and cost-effective, organic-based, CW, solidstate laser technology.
RESULTS
The surface-emitting OSLs fabricated in the present study used 4,4′-bis[(N-carbazole)styryl]biphenyl (BSBCz) in Fig. 1 as emitter (34) . The incorporation of triplet quenchers into BSBCz films is not necessary because of extremely weak production of triplets via intersystem crossing and negligible TA at the lasing wavelength in this material (35) . The fabrication method and the structure of the organic semiconductor DFB lasers fabricated in this study are schematically represented in Figs. 1 and 2A, respectively. To achieve a low lasing threshold with lasing emission in the direction normal to the substrate plane, we designed a mixed-order DFB grating architecture with second-order Bragg scattering regions surrounded by first-order scattering regions that give rise to a strong feedback, providing an efficient vertical outcoupling of the laser radiation (8) . In a DFB structure, laser oscillation takes place when the Bragg condition ml Bragg = 2n eff L is satisfied (5) , where m is the order of diffraction, l Bragg is the Bragg wavelength, n eff is the effective refractive index of the gain medium, and L is the period of the grating. Using the reported n eff and l Bragg values for BSBCz (37) (38) (39) , the grating periods for a mixed-order (m = 1, 2) DFB laser device are calculated to be 140 and 280 nm, respectively. These gratings were directly engraved using electron beam lithography and reactive ion etching onto silicon dioxide surfaces over an area of 5 × 5 mm 2 . Note that optical simulations and experimental data (see section S1) reported in figs. S1 and S2 and tables S1 to S3 were taken into account to choose the parameters used in the resonator design.
As shown by the scanning electron microscopy (SEM) images in Fig. 2 (B and C) , the DFB gratings fabricated in this work had grating periods of 140 ± 5 and 280 ± 5 nm with a grating depth of about 65 ± 5 nm, which is in accordance with our specifications. The length of each first-and second-order DFB grating was about 15.12 and 10.08 mm, respectively. BSBCz neat films and BSBCz:CBP [6:94 weight % (wt %) and 20:80 wt %] blend films with a thickness of 200 nm were prepared on top of the gratings by vacuum deposition. As shown in Fig. 2 (D and E), the surface morphology of the organic layers presents a grating structure with a surface modulation depth of 20 to 30 nm. To greatly improve the efficiency and the stability of the DFB lasers operating in the qCW and long-pulse regimes, we then encapsulated the devices in a nitrogen-filled glove box (40) . For this purpose, 0.05 ml of CYTOP (a chemically robust, optically transparent fluoropolymer with a refractive index of about 1.35) was directly spin-coated on top of the organic layer, and the polymer film was then covered by a transparent sapphire lid, which was chosen because of its good TC (~25 W m
at 300 K) and good transparency at the BSBCz lasing wavelength, to seal the organic laser devices. The CYTOP film typically had a thickness of around 2 mm and was found to not affect the photophysical properties of the BSBCz films ( fig. S3 ). The lasing properties of encapsulated mixed-order DFB devices using either a BSBCz neat film or a BSBCz:CBP (6:94 wt %) blend film as the gain medium were first examined under pulsed optical pumping using a nitrogen gas laser delivering 800-ps pulses at a repetition rate of 20 Hz and a wavelength of 337 nm (see section S2 and fig. S4 ). In the case of the CBP blend films, the excitation light was mainly absorbed by the CBP host, but the large spectral overlap between CBP emission and BSBCz absorption guaranteed an efficient Förster-type energy transfer from the host to the guest molecules (39) . This was confirmed by the , respectively, in the 800-ps pulse regime. In both cases, these values are lower than the previously reported thresholds for amplified spontaneous emission (ASE) (0.30 mJ cm ) (35) in BSBCz:CBP blends (35) (36) (37) (38) (39) , supporting the potential of mixed-order gratings for high-performance, organic, solidstate lasers (8) . The device encapsulation in this pulsed optical pumping regime was found to not modify the threshold and the lasing wavelength of the mixed-order DFB lasers.
qCW lasing in organic semiconductor DFB lasers The lasing properties of various BSBCz and BSBCz:CBP (6:94 wt %) DFB devices with different resonator structures were investigated in the qCW regime using, for the optical pumping, optical pulses with a wavelength of 365 nm and a width of 10 ps from a Ti-sapphire laser. Figure 3 (A to C) shows streak camera images of the laser oscillations above threshold and the corresponding changes in emission intensities at different repetition rates in a representative encapsulated blend mixed-order DFB device. The excitation light intensity was fixed at about 0.5 mJ cm . When increasing the repetition rate of the photoexcitation from 10 kHz to 80 MHz, the time interval between laser oscillations gradually decreased from 100 ms to 12.5 ns. For the highest repetition rates (>1 MHz), the DFB laser output emission looks continuous in the 500-ms window, indicating that the device properly worked in the qCW regime even at the highest repetition rate of 80 MHz. The possibility to operate the DFB device at such high repetition rates is related to the small TA loss and STA quenching resulting from the negligible triplet exciton formation in the BSBCz:CBP blend (35) .
Similar experiments were performed with nonencapsulated mixedorder and second-order DFB devices based on either BSBCz neat or blend films. For each device, the laser output intensity obtained at several repetition rates was measured as a function of the excitation intensity to determine the lasing thresholds, and results for a representative encapsulated blend mixed-order DFB device at repetition rates of 10 kHz and 80 MHz are displayed in fig. S5 . The repetition rate dependences of the lasing threshold in the different devices are summarized in Fig. 3D . The lasing threshold (E th ) was always lower in the 6 wt % blend DFB lasers essentially because of the PLQY of nearly 100% and the suppression of the concentration quenching in this gain medium (as compared with the PLQY of 76% in a BSBCz neat film) (36) . The results also show that the lowest thresholds were obtained with the mixed-order DFB resonator structures. Noticeably, the lasing threshold for all devices only increased very slightly when the repetition rate was increased from 10 kHz to 8 MHz. Because of the absence of significant triplet accumulation in BSBCz systems (35), we attribute the small increase of the threshold with the repetition rate to minor degradation of the devices under high-intensity qCW irradiation (see fig. S6 ). The encapsulated blend mixed-order DFB laser exhibited the lowest threshold (varying from 0.06 mJ cm −2 at 10 kHz to 0.25 mJ cm −2 at 80 MHz) and was the only device operating properly at 80 MHz. When other devices were optically pumped at 80 MHz, the emission intensities very rapidly decreased, and the full width at half maximum (FWHM) values of the emission spectra detected with the streak camera before the fast degradation of the organic films were typically larger with values around 7 to 8 nm ( fig. S7 ). This indicates that the encapsulation of the DFB devices is necessary to significantly reduce the degradation and, presumably, the laser ablation of the organic thin film taking place under high-intensity, 80-MHz photoexcitation. This reduction of the device degradation due to the encapsulation is presumably responsible for the lowering of the lasing thresholds observed in Fig. 3D .
The operational stability of the different blend DFB devices was investigated under qCW optical pumping at 8 MHz. Similar experiments 
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were also performed with the encapsulated mixed-order DFB laser at a repetition rate of 80 MHz. The temporal evolution of the different DFB laser output intensities was monitored for 20 min using a pumping intensity 1.5 times larger than the lasing threshold for each device ( fig. S8 ). These results show that the operational stability was improved when the lasing threshold was decreased via the choice of the grating structure and the encapsulation. Higher pumping intensities were required to achieve lasing in the devices with higher threshold, which led to faster laser-induced thermal degradation. Although none of the nonencapsulated DFB devices operated well under qCW optical pumping at 80 MHz, the emission output intensity from the encapsulated organic laser after 20 min decreased to only 96% of its initial value. Such an outstanding operational stability highlights the key role played by the encapsulation on the performance of organic semiconductor DFB lasers operating in the qCW regime.
Toward CW lasing in organic semiconductor DFB lasers The ASE properties of a 200-nm-thick BSBCz:CBP (20:80 wt %) film were investigated using the variable stripe length method to gain insights into the optical gain-and-loss coefficient under long-pulse photoirradiation. As shown in fig. S9 (see table S4 and section S3), the film optically pumped at 405 nm with 50-ms-long pulses exhibits a high net gain coefficient of 40 cm −1 and a loss coefficient of 3 cm −1 for a pumping intensity of 1.5 kW cm −2 . This supports our idea that BSBCz is an outstanding candidate for OSLs operating under long-pulse photoexcitation. The lasing characteristics of the DFB devices in the long-pulse regime were then investigated using an inorganic laser diode emitting at 405 nm. Because the absorption of CBP is negligible at this excitation wavelength (30) , the concentration of BSBCz in the blend was increased to 20 wt % to improve the harvesting of the laser diode pumping emission. The PLQY of this 20 wt % blend was measured to be around 86%. Figure 4A shows the streak camera images integrated over 100 pulses of the encapsulated 20 wt % blend mixed-order DFB laser emission measured at a pumping intensity of 200 W cm −2 and 2.0 kW cm
for long excitation pulse widths of 800 ms and 30 ms, respectively. The corresponding emission spectra in fig. S10 provide additional evidence with the picture in Fig. 4B that the encapsulated DFB laser operates properly in the long-pulse regime with a lasing duration, which can be extended to more than 30 ms. Other data in fig. S11 provide further evidence of lasing under long-pulse photoexcitation of 30 ms. As shown in fig. S12 , the DFB laser emission output intensity decreased when increasing the number of successive 30-ms-long excitation pulses from 10 to 500, which is presumably due to thermal degradation of the gain medium under such intense irradiation. Although the encapsulation of the device between high-TC silicon and sapphire improved the performance and the stability of the OSLs to an unprecedented level, this suggests that the heat dissipation will still need to be improved in the future for the development of a real CW organic laser technology. Figure S12 also shows that no quenching of singlet excitons by TA or STA occurs in BSBCz (see section S4). The results confirm the negligible overlap between the emission and the TA of BSBCz and the absence of detrimental triplet losses in the gain medium even under intense long-pulse photoexcitation (35) . To authenticate the claim of lasing, we examined the divergence of the emitted beam below and above threshold as well as its polarization. The results displayed in figs. S13 and S14 confirm that a proper lasing operation takes place in BSBCz DFB devices under long-pulse photoirradiation. The organic DFB laser output intensity and emission spectra were measured as a function of the excitation intensity in the devices with different structures and various long-pulse durations ranging from 0.1 to 1000 ms. An example of data obtained from a representative encapsulated blend mixed-order device is displayed in fig. S15 . The abrupt change in the slope efficiency of the laser output intensity was used again to determine the lasing threshold. Figure 4C summarizes the pulse duration dependence of the laser thresholds measured in the different devices. Similar to the trends observed in the qCW regime, blending BSBCz into a CBP host using a mixed-order DFB resonator structure and encapsulating the device led to a substantial lowering of the lasing threshold. Although the BSBCz neat film-based encapsulated mixed-order DFB device could operate properly in the long-pulse regime for durations longer than 100 ms, the encapsulated blend mixedorder organic DFB laser showed the lowest lasing thresholds (range, 5 to 75 W cm −2 ) and was the only device that could produce lasing effectively for durations longer than 800 ms. To provide additional evidence of the key role played by the choice of high-TC sapphire as encapsulation lid on the performance of the OSLs in the long-pulse regime, we compared the excitation duration dependence of the lasing thresholds obtained in the mixed-order blend DFB devices encapsulated with either a sapphire or a glass lid. Figure S16 demonstrates that the use of a high-TC lid made of sapphire leads to a lower threshold and improved operational stability.
The operational stability of the mixed-order DFB lasers with and without encapsulation was characterized in the long-pulse regime by monitoring the laser emission output intensity of these devices above the lasing threshold as a function of the number of 100-ms excitation pulses with a pump intensity of 200 W cm −2 . As shown in Fig. 4D , the emission intensity gradually decreased with time in all devices, and these decreases were irreversible, indicating a laser-induced thermal degradation of the organic gain media. Noticeably, the operational stability was greatly improved by the encapsulation and was the best for the encapsulated blend device. In that latter case, the laser output intensity only decreased by 3% after 500 pulses. Figure S17 shows laser microscope images of a nonencapsulated blend mixed-order DFB laser before and after irradiation by 100 incident pulses with a width of 1 ms and an excitation intensity of 200 W cm −2 . Although no sign of any laserinduced thermal degradation could be observed in the encapsulated device, laser ablation took place in the nonencapsulated device with an ablated depth of about 125 nm. The possibility to greatly reduce laser ablation by the proposed encapsulation technique is evidently critical for the future development of CW OSL technologies. To derive conclusions about how the present devices are limited on the way toward achieving real CW operation, we carried out thermal simulation of the heat dissipation in the devices, which is reported in figs. S18 to S22 (see table S5 and section S5). These results show the influence of the pump pulse width and the role of the encapsulation on the thermal properties of the devices. In particular, although the encapsulation has been found to be a critical element in this study, the simulation suggests that CYTOP should be replaced in further studies by another material with a better TC.
DISCUSSION
The first demonstration of an inorganic CW solid-state laser was reported about four decades ago (41) , and the development has since been proven to be very successful, especially at wavelengths in the near-infrared ).
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and the ultraviolet/blue regions of the electromagnetic spectrum (42) (43) (44) (45) . Although these devices generally require sophisticated microfabrication techniques with high vacuum and temperature conditions, it was recently demonstrated that CW lasing could also be achieved using solution-processed inorganic quantum wells (46) . On the other hand, the performance of the OSLs in the qCW and long-pulse regimes has, to date, remained far below that of inorganic semiconductors (33, 35) . Our demonstration of an OSL operating at 80 MHz in the qCW regime and still working in the long-pulse regime after 500 successive pulses of 30 ms thus represents a major step toward the development of a real CW, organic, solid-state laser technology. The present study strongly supports the fact that organic lasing materials with high PLQY, high optical gain, and no spectral overlap between lasing emission peak and TA bands are highly desirable for suppressing the triplet losses and, when combined with mixed-order DFB gratings, achieving low-threshold CW lasers. The results also demonstrate that the use of silicon and sapphire encapsulating lids with higher TCs (47) than those of conventional glass and fused silica improved the efficiency and stability of the organic DFB lasers, but laser-induced thermal degradation of the organic gain medium under intense CW optical pumping remains the most severe issue that will need to be overcome in the near future. Further work to greatly enhance the CW OSL operational stability should thus now focus on the development of organic semiconductor gain media with low CW lasing thresholds and enhanced thermal stability as well as on the integration of efficient heat dissipation systems into the devices, taking into account perhaps the previous approaches developed for improving the thermal management in CW, inorganic, solid-state lasers (48, 49) . In addition, aside from finding better and more efficient gain materials, further optimization of the resonator geometry and laser structure should lead to lower lasing thresholds and should still represent an important future direction for the development of a CW organic laser technology and for the realization of an electrically pumped organic laser diode.
MATERIALS AND METHODS

Device fabrication
Silicon substrates covered with a thermally grown silicon dioxide layer with a thickness of 1 mm were cleaned by ultrasonication using alkali detergent, pure water, acetone, and isopropanol followed by ultravioletozone treatment. The silicon dioxide surfaces were treated with hexamethyldisilazane by spin coating at 4000 rpm for 15 s and annealed at 120°C for 120 s. A resist layer with a thickness of around 70 nm was spin-coated on the substrates at 4000 rpm for 30 s from a ZEP520A-7 solution (ZEON Co.) and baked at 180°C for 240 s. Electron beam lithography was performed to draw grating patterns on the resist layer using a JBX-5500SC system (JEOL) with an optimized dose of 0.1 nC cm −2
. After the electron beam irradiation, the patterns were developed in a developer solution (ZED-N50, ZEON Co.) at room temperature. The patterned resist layer was used as an etching mask while the substrate was plasma-etched with CHF 3 using an EIS-200ERT etching system (Elionix). To completely remove the resist layer from the substrate, the substrate was plasma-etched with O 2 using a FA-1EA etching system (SAMCO). The gratings formed on the silicon dioxide surfaces were observed with SEM (SU8000, Hitachi). To complete the laser devices, 6 . Finally, 0.05 ml of CYTOP (Asahi Glass Co. Ltd.) was directly spin-coated at 1000 rpm for 30 s onto the DFB laser devices, sandwiched with sapphire lids to seal the top of the laser devices, and dried in a vacuum overnight.
Spectroscopy measurements
For the characterization of the pulsed organic lasers, pulsed excitation light from a nitrogen gas laser (USHO, KEN-2020) was focused on a 6 × 10
-cm 2 area of the devices through a lens and slit. The excitation wavelength was 337 nm, the pulse width was 0.8 ns, and the repetition rate was 20 Hz. The excitation light was incident upon the devices at around 20°with respect to the normal to the device plane. The emitted light was collected normal to the device surface with an optical fiber connected to a multichannel spectrometer (PMA-50, Hamamatsu Photonics) and placed 3 cm away from the device. Excitation intensities were controlled using a set of neutral density filters. For qCW operation, a mode-locked, frequency-doubled Ti-sapphire laser (Millennia Prime, Spectra-Physics) was used to generate excitation light with an excitation wavelength of 365 nm, a pulse width of 10 ps, and repetition rates ranging from 0.01 to 80 MHz. The excitation light was focused on a 1.9 × 10
-cm 2 area of the devices through a lens and slit, and the emitted light was collected using a streak scope (C10627, Hamamatsu Photonics) with a time resolution of 15 ps that was connected with a digital camera (C9300, Hamamatsu Photonics). For the long-pulse operation, a CW laser diode (maximum power, 1400 mW; NDV7375E, NICHIA) was used to generate excitation light with an excitation wavelength of 405 nm. In these measurements, pulses were delivered using an acousto-optic modulator (Gooch and Housego) that was triggered with a pulse generator (WF 1974, NF Co.). The excitation light was focused on a 4.5 × 10
-cm 2 area of the devices through a lens and slit, and the emitted light was collected using a streak scope (C7700, Hamamatsu Photonics) with a time resolution of 100 ps that was connected with a digital camera (C9300, Hamamatsu Photonics). The emission intensity was recorded using a photomultiplier tube (PMT) (C9525-02, Hamamatsu Photonics). Both the PMT response and the driving square wave signal were monitored on a multichannel oscilloscope (MSO6104A, Agilent Technologies). The same irradiation and detection angles were used for this measurement, as previously described. The size of the excitation area was carefully checked by using a beam profiler (WinCamD-LCM, DataRay). All the measurements were performed in a nitrogen atmosphere to prevent any degradation resulting from moisture and oxygen. The solution containing BSBCz in CH 2 Cl 2 was prepared and bubbled with argon before use. Third-harmonic-wave laser light with a wavelength of 355 nm and a FWHM of 5 ns from a Nd:YAG laser (Quanta-Ray GCR-130, Spectra-Physics) was used as pump light, and pulsed white light from a Xe lamp was used as probe light for the TA measurement on the solution using a streak camera (C7700, Hamamatsu Photonics).
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/ content/full/3/4/e1602570/DC1 section S1. Optical simulations section S2. Lasing properties of mixed-order DFB devices section S3. Optical gain section S4. Transient absorption section S5. Thermal simulations fig. S1 . Schematic of the geometry used for optical simulation. fig. S2 . Lasing threshold of mixed-order DFB lasers based on BSBCz:CBP (6:94 wt %) 200-nmthick film for different dimensions of the second-order gratings. fig. S3 . Photophysical properties of films with and without encapsulation. fig. S4 . Characterization of the pulsed organic lasers.
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Sandanayaka et al., Sci. Adv. 2017; 3 : e1602570 fig. S5. qCW lasing threshold.  fig. S6 . Lasing threshold measured in forward (increasing repetition rate) and reverse (decreasing repetition rate) directions as a function of the repetition rate. fig. S7 . Significant reduction of degradation in encapsulated DFB devices. fig. S8 . Stability of the qCW laser. fig. S9 . Optical net gain under long-pulse operation. fig. S10 . Emission spectra of encapsulated 20 wt % blend mixed-order DFB lasers measured at a pumping intensity of 200 W cm −2 and 2.0 kW cm −2 for long-pulse durations of 800 ms and 30 ms, respectively. fig. S11 . Streak camera image showing laser emission integrated over 100 pulses from an encapsulated mixed-order DFB device during a 30-ms-long photoexcitation with a pump power of 2.0 kW cm −2 . fig. S12 . Lack of triplet losses in the gain medium. fig. S13 . Divergence of DFB laser. fig. S14 . Polarization of DFB laser. fig. S15 . Lasing threshold under long-pulse operation. fig. S16 . Excitation duration dependence of the lasing threshold. fig. S17 . Laser-induced thermal degradation. fig. S18 . Schematic of the geometry used for thermal simulation. fig. S19 . Maximum temperature rise at the end of each pulse. fig. S20 . Temperature rise as a function of time with different pulse widths. fig. S21 . Temperature rise as a function of time for a pulse width of 10 ms in the devices with and without encapsulation. fig. S22 . Temperature rise as a function of time or number of pulses of t p = 30 ms in the gain region. 
